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The cross section of the process e'^e — > tt+tt tt" was measured in 
the Spherical Neutral Detector experiment at the VEPP-2M collider in 
^SJ ' the energy region = 980 1380 MeV. The measured cross section, 

^ , together with the e+e~ — > 7r+7r~7r'' and ujh^tt^ cross sections obtained 

' in other experiments, was analyzed in the framework of the generalized 

>J I vector meson dominance model. It was found that the experimental 

data can be described by a sum of uj, (j) mesons and two ui' and u" 
resonances contributions, with masses m^j/ ~ 1490, m^n ~ 1790 MeV 
and widths F^/ ~ 1210, T^,, ~ 560 MeV. The analysis of the tt+tt" 
■ invariant mass spectra in the energy region-y^ from 1100 to 1380 MeV 

■"■^ — ' has shown that for their description one should take into account the 

^ , e'^e~ cjtt" 7r^7r~7r'' mechanism also. The phase between the am- 

plitudes corresponding to the e^e~ lotv and e^e~ — > pn intermediate 
^ l' states was measured for the first time. The value of the phase is close 

D . to zero and depends on energy. 



o 
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I. INTRODUCTION 



X 

5— ( 

' The cross section of hadron production in the e+e annihilation in the energy 

regiony^ < 1.03 GeV can be described within the vector meson dominance model 
(VDM) framework and is determined by the transitions of light vector mesons 
{p,uj,(f)) into the final states. The light vector mesons have been studied rather 
well. They are quark-antiquark qq {q = u, d, s) bound states, aad their masses, 
widths and main decays have been measured with high accuracyfil. The cross sec- 
tion for hadron production above the (/)(1020) resonance (/s ~ 1.03-2 GeV) cannot 
be described in the conventional VDM framework (taking into account p, lo and (f> 
mesons only) indicating the existence of states with vector meson quantum num- 
bers I^{JP^) = 1+(1~),0-(1--) and with masses of about 1450, 1650 MeV. Pa- 
rameters of these states are not well established due to inaccurate and conflicting 
experimental data. The nature of these states is not clear either. In some reviews 
of experimental d^te they are considered as a mixture of qq with 4-quark qqqq and 
hybrid qqg statesETu. On the other hand, the experimental data do not contradict 
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the hypothesis that these states hapte qq structure and are radial and orbital exci- 
tations of the light vector mesonsolj. In this context the main experimental task is 
the improvement of the accuracy of cross section measurement. 

As was already mentioned, in the VDM framework the cross section of the 
process e'^e' — > tt'^tt^tt'' is determined by the amplitudes of vector meson V 
{y = w, 0, w',...) transitions into the final state: V Tr~^ it~ tt'^ . The pir inter- 
mediate state dominates in these transitions [Fig.|l|(a)]. The other mechanism of 
V — > 7r"'"7r^7r° transition is also possible via p — uj mixing: V —> ujtt^ —> p'^ir^ 
{V — p,p',p") [Fig.|l|(b)]. This effect was predicted in RefB and was observed in 
the SND (jSpherical Neutral Detector) experiment in the energy range -^/s = 1200- 
1400 MeVll3. The studies of the e"'"e~ 7r"'"7r~7r° cross section and tttt invariant 
mass spectra above (/)-meson production region provide information about excited 
states of vector meson and their interference. 

The e~^e~ — > 7r"'"7r~7r'' cross section in the energy regiorL-above (f> meson and 
up to 2200 MeV has been studied in several experimentstj1l3, but none of them 
have covered the whole region. The SND study of this cross section in the range 
^/s = 1P40 ~ 1380 MeV based on a part of collected data was already reported 
in Ref.EZl. Here we present the results obtained by using the total data sample. 
The present work includes both the total cross section and the dipion mass spectra 
studies. 



II. EXPERIMENT 

The SND detectoiii ran from 1995 to 2000 at the VEPP-2Mlii collider in the 
energy range ^/s from 360 to 1400 MeV. The detector contains several subsystems. 
The tracking system includes two cylindrical drift chambers. The three-layer spher- 
ical electromagnetic calorimeter is based on Nal(Tl) crystalscEl. The muon/veto 
system consists of plastic scintillation counters and two layers of streamer tubes. 
The calorimeter energy and angular resolution depends on the photon energy as 
aE/E{%) = A.2%/ ^E{GeV) and a^^e = 0.82°//E(GeV) ® 0.63° The tracking 
system angular resolution is about 0.5° and 2° for azimuthal and polar angles re- 
spectively. The energy loss resolution. dE/dx in the drift chamber is about 30%. 
SND was described in details in Ref.li3. 

In 1997 and 1999 the SND collected data in the energy region -y/s from 1040 to 
1380 MeV with integrated luminosity about 9.0 pb~^, in addition about 130 nb~^ 
was collected aty^ = 980 MeV. The beam energy was calculated from the magnetic 
field value in the bending magnets and revolution frequency of the collider. The 
center of mass energy determination accuracy is about 0.1 MeV and the spread of 
the beam energy is from 0.2 to 0.4 MeV. 

For the luminosity measurements, the processes e^e'^ e^e^ and e^e~ — > 77 
were used. In this work the luminosity measured by e^e^ e^e~ was used for 
normalization. The systematic error of the integrated luminosity determination 
is estimated to be 2%. Since luminosity measurements by e^e~ e^e~ and 
e+e" 77 reveal a systematic spread of about 1%, this was added to the statistical 
error of the luminosity determination in each energy point. The statistical accuracy 
was better than 1%. 



III. DATA ANALYSIS 
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A. Selection of e e n n tv events 

The data anaWsis, and selection criteria used in this work are similar j-to those 
described in Ref.OES. During the experimental runs, the first-level triggerE^I selects 
events with energy deposition in the calorimeter more than 180 MeV and with two 
or more charged particles. pQuring processing of the experimental data the event 
reconstruction is performcdEJu. For further analysis, events containing two or more 
photons and two charged particles with \z\ < 10 cm and r < 1 cm were selected. 
Here z is the coordinate of the charged particle production point along the beam 
axis (the longitudinal size of the interaction region depends on beam energy and 
varies from 2 to 2.5 cm); r is the distance between the charged particle track and the 
beam axis in the r — <p plane. Extra photons in e+e~ —^ 7r"'"7r~7r'' events can appear 
because of the overlap with the beam background or nuclear interactions of the 
charged pions in the calorimeter. Under these selection conditions, the background 
sources are e^e~ —> 7r"'"7r~7r''7r'^, e~^e~jj, 7r"'"7r~7, K^K~ , KsKl processes and the 
beam background. We note that in the energy region above the <^-meson the process 
e~^e~ — !■ 7r+7r~7r'' does not dominate. Even more, its cross section is several times 
lower than the cross section of the main background process e^e" — > tt^ ir" tt^ . 

To suppress the beam background, the following cuts on the angle ip between two 
charged particle tracks and energy deposition of the neutral particles Eneu were 
applied: V > 40°, E^eu > 100 MeV. 

To reject the background from the e+e" K^K^ process, the following cuts 
were imposed: (dE/dx) < 5 • {dE / dx)min for each charged particle, [dE/dx) < 
3 • {dE / dx)min at least for one of them, and Acj) > 10°. Here Acj) is an acollinearity 
angle in the azimuthal plane and {dE / dx)min is an average energy loss of a minimum 
ionizing particle. The last cut |A0| > 10° also suppresses the e"*"e~ 7r+7r^7 
events. 

To suppress the e"''e~ 6^6^77 events an energy deposition in the calorimeter 
of the charged particles E^ha was required to be small enough: E^ua < 0.5 -^/s. 

For events left after these cuts, a kinematic fit was performed under the following 
constraints: the charged particles are assumed to be pions, the system has zero total 
momentum, the total energy isy^, and the photons originate from the tt'^ 77 
decays. The value of the function xItt (Fig-§) is calculated during the fit. In 
events with more than two photons, extra photons are considered as spurious ones 
and rejected. To do this, all possible subsets of two photons were inspected and the 
one, corresponding to the maximum likelihood was selected. After the kinematic fit 
the following additional cuts were applied: = 2 {N^ is the number of detected 
photons), xt-jr < 5 and the polar angle 9^ of at least one of the photons should 
satisfy to the following criterion: 36° < 9^ < 144°. The angular distributions of 
particles for the selected events are shown in Fig.^,^,|| and || while Fig.0 and Fig.|| 
demonstrate the photon energy distributions for the same events. The experimental 
and simulated distributions are in agreement. 

B. Background subtraction 

The number of background events was estimated from the following formula: 

^^6^9(5) = I]'^ffi(s)e.(s)/i(s), (1) 

i 

where i is a process number, aRi{s) is the cross section of the background process 
taking into account the radiative corrections, IL{s) is the integrated luminosity. 
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ei(s) is the detection probability for the background process obtained from sim- 
ulation under selection described above. The e~^e~ — *■ 7r"'"7r~7 cross section was 
calculated for the case, when the photon has the energy above 10 MeV and is ra- 
diated at the angle 6 more than 10°. As it was mentioned above, the main source 
of background is the events of the e+e^ — > 7r+7r~7r°7r° process. Two mechanisms 
contribute to the toial, cross section of this process: e'^e~ — > lott and e~^e~ — > pTrn. 
It was shown in Ref.c3o that the e~^e^ pmr process dynamics can be described 
with the. aiTT intermediate state. The SND studies of the e+e^ — + 7r+7r~7r°7r° 
procesfS agree with this conclusion. For background estimation the e~^s^^ ujtt 
and e'^e^ p-Kir cross sections measured in SND experiments were usedcJ'Ej. To 
obtain the detection probability of the e^e~ pmr events, the simulation with the 
aiTT intermediate state was used. The numbers of e+e" — > 7r"'"7r~7r°(7) events (after 
background subtraction) and background event numbers are shown in Table |. Here 
7 is a photon emitted by initial particles. 

To estimate the accuracy of background events number determination the xi-n 
distribution (Fig.^ was studied. The experimental Xsn distribution in the range 
< Xstt < 20 was fitted by a sum of background and signal. The distribution for 
background events was taken from the simulation and that for e+e^ 7r+7t^jt£ 
events was obtained by using data collected in the vicinity of the cj) meson peakEirE3 
(the Xstt distribution actually does not change in the interval = 1-1.4 GeV). 
As a result, the ratio between the number of background events obtained from the 
fit and the number calculated according to (|l|) was found to be 1.4 ±0.2. Using this 
ratio, the accuracy of the determination of the number of background events can 
be estimated to be about 40%. 



C. Detection efficiency 

The detection efficiency of the e'^e" 7r+7r^7r*'(7) process was obtained from 
simulation. The detection efficiency for events without 7-quantum radiation de- 
pends on the center of mass energy and varies from 0.15 to 0.16 in the energy range 
\/s = 980 - 1380 MeV. This dependence can be approximated by a linear function. 
The detection efficiency dependence on the radiated photon energy is shown in Fig.^ 

Inaccuracies in the simulation of the Xs-w^ dE/dx, and distributions lead to 
an error in the average detection efficiency determination. To take into account 
these uncertainties, the detection efficiency-|Was multiplied by correction coefficients, 
which were obtained in the following wayEi. The experimental events were selected 
without any conditions on the parameter under study, using the selection parameters 
uncorrelated with the studied one. The same selection criteria were applied to 
simulated events. Then the cut was applied to the parameter and the correction 
coefficient was calculated: 

-"/^ (2) 



m/A/' 

where N and M are the number of events in experiment and simulation respectively 
selected without any cuts on the parameter under study; n and m are the number 
of events in experiment and simulation when the cut on the parameter was applied. 
As a rule, the error in the coefficient d determination is connected with the uncer- 
tainty of background subtraction. This systematic error was estimated by varying 
other selection criteria. The correction coefficient 6^2 = 0.91 ± 0.03, due to the 
uncertainty in the x^-k distributioa-simulation, was obtained using data collected 
in the vicinity of the resonanc^irtJ. The correction which takes into account the 
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inaccuracy of simulation of extra photons is 6n^ = 0.87 ± 0.02, and that correction 
for the inaccuracy of simulation dE/dx energy losses is 5dE/dx = 0.98 ± 0.01. The 
overlap of the beam background with the events containing charged particles can 
result in track reconstruction failure and a decrease of detection efficiency. To take 
into account this effect, background events (experimental events collected when the 
detector was triggered with an external generator) were mixed with the simulated 
events. It was found that the detection efficiency decreased by about 3% and there- 
fore the correction coefficient 5over = 0.97 ± 0.03 was used. 
The total correction used in this work is equal to: 

5tot = ^ ^dE/dx X ^N^ X Sover = 0.75 ± 0.04. 

The systematic error of detection efficiency determination is 5%. The detection 
efficiency after the applied corrections is shown in Table |. 



IV. THEORETICAL FRAMEWORK 

In the VDM framework the cross section of the e+e^ tt+tt^tt" process is 
da ina |p+ x 



-mom+ ■ \F\\ (3) 



where p+ and p_ are the tt"*" and tt momenta, toq and m+ are tt^tt and tt+tt*^ 
invariant masses. The formfactor F of the 7* — > tt^tt^tt'^ transition has the form 



\F\' 



Here 



Dp{mi) = m^, ~mf ~ imi,r (rrii) , 



(4) 




p 



qi{-mp^) 
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90 (m) = ]^{m^ -AmlY'^, 



1 1 /2 

2m 



where m_ is the tt^tt'' invariant mass, m^o and TOtt are the neutral and charged 
pion masses, i denotes the sign of a p-meson (tttt pair) charge. The — > tt+tt^ 
and 7r^7r° transition coupling constants could be determined in the following 

way: 

2 eTrm^oFpO 



qo[mpoY 
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2 



q±{mp±Y 



Experimental dataE3 do not contradict the equality of the coupling constants 



O n — '?■'+ • In this case the p and p meson widths are related as follows: 



(5) 



In the subsequent analysis we assume that g^po^^ — Spi^^i s-nd the width values 
were taken from SND measurementsEI TpO = 149.8 MeV, Tp± = 150.9 MeV. The 
neutral and charged p mesonstjpasses were assumed to be equal and were also taken 
from the SND measurementscHl Wp = 775.0 MeV. 

The second term in takes into account the p — uj vi ^i^^D ^. The polarization 



operator of this mixing IIp^ satisfies Im(npjj) ^ Rc(n 




where 



Re(np^) 



Tpo{m^) 



B{uj TT+TT ) 



{ml - ml) - imujiT^ - Tpo{m^)) 



, (6) 



so we assumed lm(Ilp^) = in the subsequent analysis. 

The e~^e^ — *■ Tr+Tr^Tr*^ process cross section can be written in the following way: 



where 



(7) 



47ro 

CTp^^s^ = -^VFp^(s) 



ApTr{s) 



(8) 



47ro; 



(9) 



= ^|Ap^(s)A*Js)W^™i(s) + A*,(s)A^^(s)W*,,(s)|. (10) 
The phase space factors WpTr{s), WujTr{s) and Wint{s) were calculated as follows: 



Wp^is) 



m!""^(rrio) 



127r2Vs 



modmo 



2m„ 



E 

i= + ,0,- 



Dp{mi) 



(11) 



m™°^(mo) 



127r2Vi 



modmo 



2m_ 



i™"*(mo) 



Dp{mo)D^{mo) 



(12) 



W,„t(s) 



127r2 



modmo j m+(iTO-|_|p+ x 

m™'"(mo) 



n 



Dp{mo)D^{mo) 



9p' 



^ DJmi) 



(13) 
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Amplitudes of the 7* — > p7r and 7* — > lot:^ transitions have the form 



V — UJ,(f),Uj',... 



Dvi-s) 



(14) 



Dv{s) 



where 



Dv{,s) ^ml-s- i V^ry (s), Tv{s) =Y.^{V ^ /, s). 

/ 



(15) 



Here / denotes the final state of the vector meson V decay. (/>ajv (0pv) are relative 
interference phases between vector mesons V and uj (p), so (j)c^c^ = and (jipp — 0. 
The coupling constants are determined through the decay branching ratios in the 
following way: 



SmlTyBiV e+e-) 
Ana 



-I 1/2 



(16) 



\9Vp-n 



47rTvB{V pit) 
WpT,{mv) 



1/2 



(17) 



\gvui-K\ 



12ttTvB{V lot:) 



1/2 



where quj-wis) is the w-meson momentum. 



ais) 



(18) 



V. CROSS SECTION MEASUREMENT 

From the data in Table || the cross section of the process e+e" 7r+7r~7r° can 
be calculated as follows: 



(19) 



where A^37r(s) is the number of selected e+e^ 7r+7r^7r°(7) events, IL{s) is the 
integrated luminosity, ^(s) is the function which takes into account the detection 
efficiency and radiative corrections for initial state radiation: 



/ 0-3^(5, £;^)F(s,£;^)e(s,£'^)dE^ 
_o 

0-37r(s) 



(20) 



Here is the emitted photon energy, F{s, E^) is the electron "radiator" functioiO, 
e(s, i?-y) is the detection efficiency of the process e"'"e~ — > vr+7r~7r''(7rad) as a func- 
tion of the emitted photon energy and the energy in the e^e~ center of mass system. 
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f37r(s) is the theoretical energy dependence of the cross section given by equation 
®. 

To obtain the values of ^(s) at each energy point, the visible cross section of the 
process e+e^ 7r+7r^7r°(7rQd) 

was fitted by theoretical energy dependence 

The following logarithmic likelihood function was minimized: 



,2 



where i is the energy point number, dj is the error of the visible cross section a™'^ . 

In a good approximation the contributions aunr—fZ-K and aint in expression (0) can 
be omitted, as they are rather small (~ 5 - 10 %) and actually do not modify the 
shape of <73Tr{s) energy dependence. So we assumed that cr37r(s) = o^pir^airis)- The 
amplitude of the 7* — > pn transition (p^ was written as 



1 ^ Tyml^mvaiV^STT) e't'-- 

■fi-pTT\S — J- > , , , =, 



where 



127ri?(F ^ e+e-)i3(V^ ^ X) 
cr(l/ ^ A) = 2 ■ 



The following form of the energy dependence of the uo' and uj" total width was used 



Tv{s) = T 



Wp^{mv)' 



In the fit the uj meson parametacs (mass, width, branching ratios of main decays 
) were fixed at their PDG valuesEJ, and the (/)|_meson mass and width were fixed at 
the values measured by SNDcil. It was shownEll that the a{(f> Stt) parameter and 
the cross section value at^/s > 1027 MeV have a rather large model error, due to 
the uncertainty in the choice of the phase (jji^ip and the value of additional, besides 
the and uj resonances, contributions to the transition amplitude. Therefore we 
have taken the a{(p —^ 3tt) as a free parameter in the fit and the visible cross section 
presented in this work was fitted together with the visible cross section from Ref.lid. 
The masses and width of the lu', lo" resonances were free parameters of the fit. 
Phases 0cjy can deviate from 180° or 0° and their values can have energy dependence 
due to mixing bplween vector mesons. For exanmle, the phase (pi^^ was found to 
be close to 180°^! and agree with the predictionEl <j)^^ = $(s) (^(m^) ~ 163°), 
where the function ^(s) is defined in RefH3. There are no theoretical predictions 
of (/it^^/ and (f>ujui" values and th eir energy dependences, and we have considered 
y/ a{uj' — > Stt) and -y/ a{Lo" — > Stt) as free parameters, i.e. (j^^^j' and (j^^juj" can be 
equal to or 180 degrees. The ^(s) values were obtained by approximation of the 
experimental data in several models: 

1. = 180° 
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2. = <^{s) 



3. 01^0 is a free parameter 

4. (7(cj" ^ 3^) = 0, (f,^^ = 180° 

5. a{Lj" ^ 3^) = 0, (f>^^ = $(s) 

6. cr(Li;" 3tt) — 0, 00)0 is a free parameter. 

The values of ^(s) significantly depend on the applied model in the energy range 
~ 1040 - 1090 MeV, and atv^ = 1040 MeV the ^(s) values differ by a factor 
10 for different models. Above 1090 MeV the ^(s) model dependence is negligible. 
Using obtained f (s) values, the cross section of the e+e" 7r+7r~7r° process was 
calculated (Table.|| ). The cross section in the energy region 1027^^1060 
MeV has changed in comparison with the values reported in Ref.EJ. In RefH con- 
tributions from the cu excitations were taken into account as a constant amplitude. 
In present analysis the more realistic model was used and it caused a change in 
the cross section. The systematic error of the cross section determination at each 
energy pointy^ is equal to 

<Jsys = CTeff © C^/L © O-mod(s) ® Cr&fcg(s). 

Here (Te// = 5% and crjj^ = 2% are systematic uncertainties in the detection ef- 
ficiency and integrated luminosity, which are common for all energy points. The 
model uncertainty (Jmod{s) is significant in the region-y/s = 1027 - 1080 MeV and 
was obtained from the difference of ^(s) values determined for the six models men- 
tioned above. The error abkg{s) takes into account the inaccuracy (~ 40%) of 
background subtraction and depends on the beam energy. 

The-pbtained cross section differs by about 30 ± 15% from the previous SND 
resultll3 (FigJlO|), which claimed a systematic error about 12%. This difference is 
attributed to the fact that in the new analysis we implemented corrections to the 
detection efficiency (described in III.C) which were not used in the previous one. 
The comparison of the measured cross section with the other experimental results 
is presented in Fig.O. 



VI. APPROXIMATION OF THE ti+h' MASS SPECTRA. 



The contribution of the e+e 



tt" mechanism to the 



process e^e~ —> Tr+Tr'Tr" is seen as the interference in the tt+tt" invariant mass 
spectra. To analyze the dipion mass spectra, the formfactor F (expression (^) was 
presented in the following form: 







2 




ApTT (s) 


X 



E 



9p' 



Dp{mi) 



Re{Up^)g 



Dp{mo)D^ (too) 



(22) 



where R{s) is the absolute value, and ^{s) is the phase of the ratio A^.,r{s)/Ap.^{s). 
The ipi^) energy dependence can be obtained from the approximation of the ex- 
perimental 7r"'"7r~ invariant mass spectra as described below. The R{s) value was 
calculated from the equation 



iLjs) 0-37r(g) 

3 cr^^{s) 



+ R-(e-'^WUs) + e'^WUs) 



+ Wp^{s)^0, (23) 



9 



which foUows from expressions (p[]lO|). The e+e^ ivn^ cross section vias obtained 
from SND measurements of the cjtt" —> tt^tt^^ cross sectioncj: a^-^o — 

a^^^o^TjOT^o^ / B{u! 7r"7), (Jz-k{,s) is the e+e^ — ^ 7r+7r~7r'^ cross section measured 
here (Table ||). 

The real part of the polarization operator XIpj^ is proportional to^ Biuj — s- tt+tt^ 
The world average value for this branching ratio is B{ijj tt+tt") = 2.21 ± 0.30%l 
The results of B(ijj tt+tt^) measurements in different experiments deviate from 
each other by a factor of more thanJ-S . For example, OLYA detector reported the 
value B{u; tt+tt") rn^-S ± 0.5%EI, while CMD-2 experiment reported B{u; 
TT+TT^) = 1.33 ± 0.25%E3. So B{uj tt+tt^) was considered as a free parameter of 
the fit. 

For the mass spectra analysis the events selected in the energy region -^s > 1100 
MeV were used. For each energy point the tt+tt" mass spectra were formed and 
arranged in histograms with a dipion mass range from 280 to 1240 MeV and bin 
width of 40 MeV. The invariant mass values were calculated after the kinematic 
reconstruction. The expected background was subtracted bin by bin while forming 
the desired histograms. 

The analysis oLthc dipion mass spectra was performed in a way similar to this 
described in Ref.E3. The experimental spectra were fitted with theoretical distri- 
butions. Using the e+e" 7r+7r~7r° cross section (||) and formfactor (|2^), the 
theoretical spectra were calculated: 

Sf{s)^^:^- I modmo [ m+dm+\p+ x p_\^ ■ \F\^ , (24) 



Csis) 



-A m™'"(mo) 



where j is the bin number, A = 20 MeV is a half of the bin width, mj is the central 
value of the invariant mass in the jth bin, Cs(s) is a normalizing coefficient. These 
spectra were corrected taking into account the detection efficiency ef^ for the jth 

bin and a probability a|°'' for the event belonging to the jth bin to migrate to the 
ith bin due to the finite detector resolution 



Here Sl'^'is) is a radiative correction and Cg(s) is a normalizing coefficient. The 

values of a,-?\ e^'^'' and ^''''(s) were obtained from simulation. 
The function to be minimized was 



Here is the normalized experimental ■k'^tt mass distribution (histogram); 

erf' = ATjf ' © AG|°' include the uncertainties Aiff ' and ACf ' of the experi- 
mental and theoretical distributions {IS.Hf'^ ^ ACf'''). 

During the fitting the phase ipi^) at each energy point and B{uj tt+tt") were 
free parameters. Values of the phase ipis) were allowed to vary from —180° to 180° 



The obtained ip{s) values are presented in Table [H. The systematic inaccuracy of 
ipis) is about 7° and is connected with a systematic error in R{s) determination, 
which in its turn is about 4% due to uncertinities of (Ti^tt and a^jt measurements. 
The uj 7r+7r~ decay probability was found to be equal to 2.38±j!j gQ±0.18%, where 
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the systematic error is also related to the uncertainty of the R{s) determination. 
In Figs, 12 and ^ the experimental tttt mass spectra together with the theoretical 
distributions obtained from the fit and the spectra expected from the only pir inter- 
mediate state model are shown. In the tt+tt" mass spectra the peak in the u meson 
region is clearly seen. The distribution of the invariant mass of the tt^tt" pairs 
does not contradict to the pn intermediate state model at the level of our statistical 
accuracy. These figures demonstrate that together with the pn intermediate state 
the ujtt'^ intermediate state also contributes to the process e+e^ —^ tt^tt^tt^. 



VII. THE e+e" 77+77-77" TOTAL CROSS SECTION ANALYSIS. 

The analysis of the e+e^ vt+tt^tt" cross section energy dependence obtained 
here (Table |^ met the following difficulties: 

1 . The cross section was measured in the limited energy region and it is 
necessary to use the results of other experiments. As a result, because of 
different systematic effects the problem of matching cross sections of various 
measurements arises; 

2. In the ideal case, to obtain the vector mesons parameters, the combined fit of 
all e~^e~ — > hadrons cross sections is necessary; 

The cross section measured in this work was analyzed together with the DM2 
results of the e+e" — > vr+Tr^Tr" and wtt+tt-Hj cross sections measurements. The 
e~^e~ Tr+TT-Tr" cross section was fitted by the expression (Q). The Apjr amplitude 
was written in the following way: 

1 / r^ml^m^a{uj^3n) 1 T^m^ ^m^(T(0 -> Stt) e'*(^) 



3 



where i is the resonance number. The following form of the energy dependence of 
the total widths was used: 

Here W^,rir(s) is the phase space factor of the wtttt final state0. The probabilities 
of the decays into Tr+Tr^Tr" and lutttt were calculated in the following way: 

Here a{LU^ — > lutttt) — 1.5 • ct(w* — s- wtt+tt^). In the total width energy depen- 
dence the contributions from the following final states were neglected: KsK^tt^, 
K*'^ K~TT^ , K K^TT~ , KK. The w meson parameters were fixed according to the 
PDG table valuesEJ. The m^, and papmeters of the KK and 777 decays 
were fixed at the values obtained by SNDlH, while a{(j) Stt) was a free parameter 
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of the fit. As it was mentioned above, the phases 



can differ from or 180 



degrees and be energy dependent. Here we consider only \J a[u}'^ Svr) as a free 
parameter, i.e. cjy^^^i — 0° or 180°. 

For the A^,^ ampHtude two models with different energy behavior of the phase 
were used. Their parameters were obtained by fitting the e~^e~ — > W7r£^— s- 7r*'7r''7 
cross section measured by SNEo and|CLE02 data on r ^ Stttt" decayO (Fig.jlJ). 
The first model was suggested in Ref.CJ. It assumes that only the p and p" reso- 
nances contribute to the e~^e~ —^ UJ7T cross section (i.e. A^-^ — j4p — ^^^t — ^cjtt); 
at that the following parameters are used: the coupling constant gp^jTr ~ 15.2 
GeV-\p"-mass mp„ - 1700 MeV, width Tp„ - 1 GeV, phase ct)pp,, = 180° and 
a{p" — > lutt) ^ 9 nb. The p" total width energy dependence is taken to be the 
following 



Tp„{s) 



TpM 0.1- 



q3 



0.9 



9L("^p") 



(31) 



where q^^[s) is the pion momentum. The second model assumes that three p, p' 

and p" resonances contribute to the e^e" lutt cross section (i.e. A^,^ — Ap^^^^ + 

Ap'^uiTT + Apii^^^). In this case the parameters of the model are: gpu-n ~ 16.8 
-1 ^ 



GeV- 



1480 MeV, Tp, - 790 MeV, 



Dpp' 



180°, a{p' 



1640 MeV, Tp„ - 1290 MeV, (jjpp,, = 0°, cr(p" wtt) 



cjtt) 86 nb, and 
48 nb. The p' and 



p" total width energy dependence is taken in the form 



r ,(„)(s) = r 



In both models the p meson energy dependent width has the form: 



(32) 



rp(s) = r. 



9L(s) 



:f pLOTT 3 



127r 



(33) 



The e+e wtt+tt process cross section was written in the following way: 

2 



1 



3 

E 

i=2 



W^7r7r(s) 



(34) 



The cross sections of the e+e —>■ tt+tt tt^ and lutt^tt processes measured by 
SND and DM2 were fitted together. The function to be minimized was 



X — X3t7{SND) ' X3Tr(DM2) + Xcj-!Tir{DM2)j 



where 



X3Tr{SND) 



El 



O-Stt (s)-CT3^(s) 



(SND) 



is) 



X3tt{DM2) ~ E 



^371-^3^ (s)-g37r(s) \ 



^ (DM2)/ X _ / \ \ ^ 



Xc^7r7r(DAf2) X] I . (DM2) . x 
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Here '^^^^J^l^^^^''\s) are the experimental cross sections, A are their uncertainties, 
Cstt and Cuj-n-K are coefficients which take into account the relative systematic bias 
between SND and DM2 data. The e+e^ 7r+7r~7r° cross section measured by 
SND (Table |l|) was fitted in the energy region from 980 to 1380 MeV. The 
errors A3^(57V£)) include the statistical astat and the following systematic errors: 
Cbkg due to the inaccuracy of the background subtraction and amod due to model 
dependence. Thus A3^(5^£)') = astat® o'mod®'^bkg- The fitting was performed with 
m^i, T^i,y^a{uj^ Stt), •y/(T(w* wtt+tt") and a{(j) Stt) as free parameters. 

To estimate the possible relative bias between SND and DM2 data, the Ca^ 
considered as a free parameter as well. It was found that Ca^ — 1.72 ± 0.24. To 
estimate the possible biases indepeadently thCpCross sections of the e+e" wtt" 
process (Fig.|4|) measured by SNDE3 and DM2Ej, and cross section ca|k|Ulated, by 
using CVC hypothesis, from the CLE02 result on the r 37r7r° decaynJ were also 
studied. The e+e~ lott^ cross section was measured by DM2 by using 7r+7r~27r*' 
final state, i.e. as in the case of the 7r+7r~7r'' and wtt+tt" final states the events 
containing both tracks and photons were detected. This gives us a hope that all 
these DM2 measurements have similar systematic errors. The SND and CLE02 
data agree rather well. The DM2 and CLE02 data points are strongly overlapped. 
The average ratio of the CLE02 and DM2 cross sections is 1.54, and this agrees 
with Cstt = 1.72 ±0.24. In further analysis we assumed Cs^r = Ci^tttt and fixed these 
coefficients at 1 or 1.54. , 

It is generally accepted that two w-like resonances uj' and uj" existollj. The first 
fit was done by assuming that the number of the to^ resonances is equal to 3 and 
without taking into account the lutt vr+Tr^vr" mechanism (i.e., Ui^Tr^STr = and 
Cmt = were assumed). The obtained parameters of the resonances are shown in 



Table [V. The a{uj^ 3tt) differs from zero by about one standard deviation. If in 



UJ 



this approximation one takes into account the contribution from the ljtt — )■ 7r+- 
mechanism, then a{uj-^ — > 37r) = 0.07±q q7 nb, and the parameters of the uj 
resonances deviate from their previous values within their statistical errors. So in 
the further analysis the parameter a{uj^ — s- 37r) was fixed to zero and for the w^, uj^ 
resonances a more usual notation w', uj" was used. 

The further fittings were performed under the following assumptions: 

1. the contribution from the ujtt —f tt+tt^tt'^ was not taken into account, i.e. 

<7(j7r-*37r — 0, (Ti„t = 0. 

2. the first model for the amplitude 

3. the second model for the amplitude 

The results of the fits are shown in Tables 0, ^ and Fig.^, |l^. In case when 
no relative shift between SND and DM2 experiments was assumed, the value of 
X3tt{dm2) rather large. The obtained parameters depend weakly on the applied 
model. 



VIII. DISCUSSION 



^ 7r^7r~7r and e~^e~ — > uitt^tt^ cross 
sections can be described by a sum of contributions of the u and 4> mesons and two 
additional w', uj" resonances. The following w' parameters were obtained (Table|^: 

m^, = 1490 ± 50 ± 25 MeV, 
T^, = 1210 ±^[!!^ ±170 MeV, 
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cr(w' ^ Stt) = 3.5±0.5±0.2 nb, 



CT(w'^w7r+7r-) =0.03 ±[5:^3 ±0.01 nb, 



- 180° 

The Lo' decays mostly into 7r+7r~7r°: B{uj^ Stt) ~ 99% and its electronic width is 
r(a;' — *■ e~^e~) ~ 650 eV. The uj" parameters were found to be: 

m^,, = 1790 ± 40 ± 10 MeV, 



r,^" = 560 ±ll°Q ±20 MeV, 



a{uj" Stt) = 2.0 ± 0.40 ± 0.8 nb. 



cr(w" ^cjTT+TT-) = 1.9 ±0.4 ±0.8 nb, 



The oj" resonance decays with approximately equal probabilities into 7r+7r~7r° and 
wtttt: B{uj" — > Stt) ~ 0.4, B{u!" cotttt) ~ 0.6 and it has the electronic width 
r{u!" e+e~) ~ 600 eV. The second errors shown are due to the uncertainty of 
the A^T^ amplitude choice and possible relative bias between different experiments. 

The rather large electronic widths obtained for the uj' and uj" resonances may 
represent some challenge for theory. In the framework of the nonrelativistic quark 
model one can obtain the following ratios: 



e+e-) 



V{oj" 



r(a; 



where 5'y(0) is the radial wave function of the qq bound state at the origin. 
For the quark-antiquark potentials used to describe heavy quarkonia, such ra- 
tios are always less than unityu. This is also confirmed experimentally. For ex- 
ample, analogous ratios for cc and bb states are: |^'^(2S')('^)/^j/i/.(0)P — 0.57, 



l*?(2S)(0)/*?(iS)(0)l' - 0-44, l^?(3S)(0)/*?(is)(0)l' - 0.43. Of course, the non- 
relativistic quark model is unreliable for light-quark w-states. But, surprisingly, it 
gives quite reasonable description of the ground state p, lo and meson leptonic 
widths—which do not change radically in the framework of the "relativized" quark 
modelEj. For comparison, the nonrelativistic quark model predictions for the two 
photon widths of the light pseudoscalar mesoiis are dramatically wrong and only 
the "relativized" model gives reasonable resultE3. More precise data and more deep 
analysis is required to draw strict conclusions. 

The w', Lo" widths obtained from the fit are rather large in comparisojirwith their 
masses (this result agrees with experimental data analysis reported inETu). In this 
context the question whether the sum of Breit-Wigner amplitudes is an adequate 
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description of the cross sections in the energy region <v^ < 2000 MeV becomes 
actual. 

The presented analysis of the w-like excited states is somewhat speculative since 
we had to assume a rather large systematic bias between SND and DM2 measure- 
ments. 

The a{(j) — > Stt) was found to be equal 

(t(0 ^ Stt) = 646 ± 4 ± 37 nb. 
This agrees with the results of SND studies of the e+e^ — pr+7r^7r° cross section in 



nbB. The f 



the vicinity of the (f> resonance (t(0 3n) = 659 ± 35 nbcil. The slight deviations 
in the central value and the error can be related to the difference in descriptions of 
the to' , uj" cantributions used in these works. The fit was performed by assuming 
4>u]<ji — If is considered to be a free parameter of the fit, then its value 

is: 

= 164° ± 3°, 

which agrees with ^(to^) = 163°0. 

The relative phase ip{s) between and A^t^ amplitudes and B{uj —>■ tt+tt^) 
was obtained from the tt+tt" invariant mass spectra analysis in they^ energy region 
from 1100 to 1380 MeV (Table [l|, Fig.|l^). Thephase V;(s) can be also calculated 



from the total cross section fit results (Table ^). Figure demonstrates that 
the phase ipi^) energy dependence cannot be described if the model with A^t^ — 
Ap—,uiT + ^p"— tujTT is used. On the other hand, the model in which A^^^^ = Ap_^^^T^ -|- 
Api^^T^ -\- Apii^^^ gives satisfactory description of the data. The lj —t tt+tt^ decay 
probability was found to be: 

B{uj Ti+TT-) = 2.38 ±1^11 ±0.18% 



This |ijesult does not contradict bath to OLYA measurementsEiJ and world average 
valueEl, as well as to CMD2 resulttS. Using the results of the total e+e^ 7r+7r~7r° 
cross section and tt+tt^ invariant mass spectra analysis, the contribution of the 
e^e~ p-K ^ 7r+7r~7r° mechanism to the total cross section was estimated to be 
~ 90% in the energy rangers = 1100 - 1380 MeV. 

For the data analysis the model which takes into account only e+e" — > 
pvT Tr+TT^TT*' and lwr^ tt^tt^tt'^ mechanisms were used. The e~^e~ — > 
p'^"^TT —> Tr+TT^Tr*^, intermediate state, as well as the p and vr meson interac- 
tion in the final stateO are also possible. Taking into account these contribu- 
tions in the fit can change the ip{s) values, but the statistics collected in SND 
experiments is not enough for studies of such contributions. In addition, the 
parameters of the p'^"^ resonances are poorly established. In the energy de- 
pendence of the total width the contributions from the following decays were 

not taken into account: -> KsK'^n'^ , K*"K-tt+ (K*" K+n-), KK, -> 

p'!nT,riTr^TT~ , KK, KsK^TT^ , K*^K~7T^ {K**^ K^TT^). The mixing between vector 
mesons excitations was neglected. It is possible that a more detailed model for the 
Ai^T^ and amplitudes can change the calculated energy dependence of the phase 
tjj{s) presented in FigjlTj 

At present in BINP (Novosibirsk) the VEPP-2000 collider with energy range 
from 0.36 tn-2 GeV and luminosity up to 10'^^ cm~^s~^Ufi,i/s ^ 2 GeV) is under 



constructiorO. The two detectors SNDl3 and CMD-2MEj are being upgraded for 
experiments at this new facility. In these experiments the increase of the accuracy 
in determination of e+e^ — + hadrons cross sections is expected in the energy range 
'm-cf, <^/s < 2000 MeV. We hope that the new data will improve the understanding 
of the nature of p'^"-*, o;'*^"^ and i/)''^"'' resonances, as well as their decay mechanisms 
and theoretical methods of their description. 
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IX. CONCLUSION 



The cross section of the process e+e^ ^ tt~^tt~tt'^ was measured in the SND 
experiment at the VEPP-2M coUider in the energy region = 980 - 1380 MeV. 
Due to the increased luminosity, and improved corrections for analysis losses and 
initial state radiationj^Jhe cross section measurements reported here (Table ||) su- 
persede those in RcfO and Rcf.LiJ. The measured cross section was analyzed in 
the framework of the generalized vector meson dominance model together with the 
e+e" — > 7r+7r~7r° and wtt+tt" cross sections obtained by DM2. It was found that 
the experimental data can be described with a sum of contributions of w, mesons 
and two w' and uj" resonances with masses rriuj' ~ 1490, m^n ^ 1790 MeV and 
widths T^i ^ 1210, T^n ~ 560 MeV. The analysis of the dipion mass spectra in the 
energy regiony^ from 1100 to 1380 MeV has shown that for their description the 
mechanism e+e^ — > ujtt^ —> Tr^TT~TT^ is required. The phase between e~^e~ — > ujtt 
and e+e^ — )■ pir processes amplitudes was measured for the first time. Its value is 
close to zero and depends on energy. 
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TABLE I. Event numbers Ng^ of the e"'"e~ 7r+7r^7r''(7) process (after background 
subtraction) and Ni,kg of background processes, integrated luminosity IL and detec- 
tion efficiency e{s,E^ — 0) (without 7-quantum radiation). Srad is radiative correction 
{Srad = ^{s) /^{s, E~, = 0), ^(s) is defined through the expression (pc|)). 



(_MeV ) 


I L [no } 


e[s, rj-y ~ U) 


^rad 


AT 


AT 


980 


129 


0.150 


0.858 


259±18 


3±1 


1040 


69 


0.153 


11.706 - 131.646 


90±10 


4±1 


1050 


84 


0.149 


3.762 - 5.281 


75±10 


4±1 


1060 


279 


0.150 


1.808 - 2.018 


196±16 


8±2 


1070 


98 


0.150 


i.Zb\) - 1.611 


61± 9 


2±1 


1080 


578 


0.150 


1 f\cf\ 1 1 no 

i.UbU - i.iU2 


325±23 


22±6 


1090 


95 


0.150 


0.985 - 1.002 


54± 8 


3±1 


1100 


445 


0.152 


0.928 


255±18 


14±3 


1110 


90 


0.151 


0.915 


70±11 


2±1 


1120 


306 


0.150 


0.889 


213±17 


11±3 


1130 


113 


0.151 


0.889 


76±10 


4±1 


1140 


289 


0.151 


0.901 


177±16 


9±2 


1150 


69 


0.152 


0.873 


59± 9 


2±1 


1160 


320 


0.152 


0.877 


217±17 


11±2 


1180 


423 


0.152 


0.884 


302±21 


12±3 


1190 


172 


0.152 


0.872 


125±12 


4±1 


1200 


439 


0.153 


0.883 


290±19 


13±2 


1210 


151 


0.153 


0.871 


129±12 


4±1 


1220 


343 


0.153 


0.947 


i8i±19 


9±2 


1230 


141 


0.153 


0.871 


103±11 


4±1 


1240 


378 


0.153 


0.871 


250±17 


6±1 


1250 


209 


0.154 


0.871 


165±14 


6±1 


1260 


163 


0.154 


0.867 


129±13 


5±1 


1270 


241 


0.154 


0.868 


175±15 


8±2 


1280 


229 


0.154 


0.872 


169±13 


8±2 


1290 


272 


0.155 


0.866 


199±15 


9±2 


1300 


272 


0.155 


0.867 


188±14 


6±2 


1310 


202 


0.155 


0.874 


153±14 


5±1 


1320 


236 


0.155 


0.873 


174±14 


7±2 


1330 


293 


0.156 


0.876 


206±15 


8±2 


1340 


439 


0.156 


0.874 


281±20 


12±2 


1350 


257 


0.156 


0.876 


169±14 


6±2 


1360 


625 


0.156 


0.872 


399±22 


19±3 


1370 


256 


0.156 


0.879 


179±15 


7±2 


1380 


480 


0.157 


0.880 


278±18 


16±4 
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TABLE II. The e^e~ -k^-k^tv cross section. * denotes the points in which the 
cross section was calculated using data from Ref.Ej (the cross section has changed only for 
energies -^s > 1027 MeV). (Tmod is model uncertainty, a^kg is the error due to background 
subtraction, (Jeff © (t/l - error due to uncertainty in detection efficiency and integrated 
luminosity determination (5% at the energies marked by ★ and 5.4% for other energy 
points), asys ~ o^eff ® ct/l ® o-mod(s) ® o"i,fcg(s) is the total systematic error. 



^(MeV) 


a(nh) 


o-mod (nb) 




Oeff ffi (T/L(nb) 




980.00 


15.58 ± 1.07 


0.00 


0.00 


0.84 


0.84 


984.02* 


17.30 ± 0.80 


0.00 


0.00 


0.86 


0.86 


984.21* 


18.10 ± 0.90 


0.00 


0.00 


0.91 


0.91 


1003.71* 


37.60 ± 1.40 


0.00 


0.00 


1.88 


1.88 


1003.91* 


36.20 ± 1.30 


0.00 


0.00 


1.81 


1.81 


1010.17* 


68.50 ± 2.40 


0.00 


0.00 


3.42 


3.42 


1010.34* 


69.50 ± 2.50 


0.00 


0.00 


3.48 


3.48 


1015.43* 


220. 00± 6.50 


0.00 


0.00 


11.00 


11.00 


1015.75* 


243. 10± 7.50 


0.00 


0.00 


12.16 


12.16 


1016.68* 


358.90±10.60 


0.00 


0.00 


17.94 


17.94 


1016.78* 


353.60±11.10 


0.00 


0.00 


17.68 


17.68 


1017.59* 


493.60±14.90 


0.00 


0.00 


24.68 


24.68 


1017.72* 


515.00±15.30 


0.00 


0.00 


25.75 


25.75 


1018.62* 


664.20±13.10 


0.00 


0.00 


33.21 


33.21 


1018.78* 


658.60±11.60 


0.00 


0.00 


32.93 


32.93 


1019.51* 


667.00±11.80 


0.00 


0.00 


33.35 


33.35 


1019.79* 


595.50±14.10 


0.00 


0.00 


29.77 


29.77 


1020.43* 


471.20±15.50 


0.00 


0.00 


23.56 


23.56 


1020.65* 


399.80±14.50 


0.00 


0.00 


19.99 


19.99 


1021.41* 


270. 10± 9.90 


0.00 


0.00 


13.51 


13.51 


1021.68* 


217. 40± 8.50 


0.00 


0.00 


10.87 


10.87 


1022.32* 


142. 90± 6.10 


0.00 


0.00 


7.14 


7.14 


1023.27* 


92.20 ± 3.40 


0.00 


0.00 


4.61 


4.61 


1027.52* 


15.33 ± 0.73 


0.57 


0.00 


0.77 


0.96 


1028.23* 


10.81 ± 0.62 


0.52 


0.00 


0.54 


0.75 


1033.58* 


1.75 ± 0.11 


0.47 


0.00 


0.09 


0.48 


1033.84* 


1.43 ± 0.12 


0.41 


0.00 


0.07 


0.42 


1039.59* 


0.37 ± 0.04 


0.31 


0.00 


0.02 


0.31 


1039.64* 


0.37 ± 0.03 


0.31 


0.00 


0.02 


0.31 


1040.00 


0.40 ± 0.04 


0.33 


0.00 


0.02 


0.33 


1049.60* 


1.12 ± 0.12 


0.20 


0.00 


0.06 


0.21 


1049.81* 


1.14 ± 0.15 


0.20 


0.00 


0.06 


0.21 


1050.00 


1.37 ± 0.18 


0.23 


0.00 


0.07 


0.24 


1059.52* 


1.75 ± 0.21 


0.09 


0.00 


0.09 


0.13 


1059.66* 


1.84 ± 0.28 


0.09 


0.00 


0.09 


0.13 


1060.00 


2.46 ± 0.20 


0.14 


0.00 


0.13 


0.19 


1070.00 


3.21 =t 0.47 


0.07 


0.04 


0.17 


0.19 


1080.00 


3.46 ± 0.24 


0.07 


0.09 


0.19 


0.22 


1090.00 


3.84 ± 0.57 


0.03 


0.07 


0.21 


0.22 


1100.00 


4.07 ± 0.29 


0.00 


0.09 


0.22 


0.24 


1110.00 


5.66 ± 0.89 


0.00 


0.05 


0.31 


0.31 


1120.00 


5.19 ± 0.42 


0.00 


0.11 


0.28 


0.30 


1130.00 


5.04 ± 0.67 


0.00 


0.10 


0.27 


0.29 


1140.00 


4.50 ± 0.40 


0.00 


0.09 


0.24 


0.26 


1150.00 


6.40 ± 0.98 


0.00 


0.10 


0.35 


0.36 


1160.00 


5.12 ± 0.39 


0.00 


0.10 


0.28 


0.29 


1180.00 


5.30 ± 0.37 


0.00 


0.09 


0.29 


0.30 


1190.00 


5.44 ± 0.53 


0.00 


0.08 


0.29 


0.30 
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1280.00 


5.50 


± 


0.43 


0.00 


0.10 


0.30 


0.31 


1290.00 


5.46 


± 


0.42 


0.00 


0.10 


0.29 


0.31 


1300.00 


5.13 


± 


0.40 


0.00 


0.07 


0.28 


0.29 


1310.00 


5.59 


± 


0.52 


0.00 


0.07 


0.30 


0.31 


1320.00 


5.44 


± 


0.44 


0.00 


0.09 


0.29 


0.31 


1330.00 


5.17 


± 


0.38 


0.00 


0.08 


0.28 


0.29 


1340.00 


4.70 


± 


0.34 


0.00 


0.08 


0.25 


0.27 


1350.00 


4.82 


± 


0.41 


0.00 


0.07 


0.26 


0.27 


1360.00 


4.68 


± 


0.27 


0.00 


0.09 


0.25 


0.27 


1370.00 


5.09 


± 


0.43 


0.00 


0.08 


0.27 


0.29 


1380. 00 


1.21 




0.28 


0.00 


0.09 


0.23 


0.25 
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TABLE III. The relative phase ip{s) of the ampUtudes A^^t^ and A, 



^/s{MeV) 


'(/'(s) (degree) 




1100 


-57±U 


0.59 


1110 


-66±f| 


0.57 


1120 


-lisi 


0.23 


1130 


37± 42 


0.33 


1140 


i3o±ii 


0.32 


1150 


60± 180 


0.86 


1160 


-io±ii 


0.03 


1180 


25±2g 


0.98 


1190 


-20±ig 


0.28 


1200 


23±i 


0.79 


1210 


131±|^ 


0.48 


1220 


-16±51 


0.44 


1230 


-102±37 


0.28 


1240 


-21±^i 


0.45 


1250 


26±ti] 


0.46 


1260 


-14±61 


0.18 


1270 


-26±|| 


0.12 


1280 


11 31 


0.79 


1290 


23±g 


0.67 


1300 


-17±1 


0.33 


1310 


32±i 


0.42 


1320 


-34±i^ 


0.25 


1330 


41±i 


0.32 


1340 


30±ii 


0.52 


1350 


49±i^ 


0.82 


1360 


35±24 


0.02 


1370 


19±t? 


0.17 


1380 


23±p 


0.88 



TABLE IV. The results of the fit, taking into account three resonances. 



i 


m^^, MeV 


r,, MeV 


a{Lj^ Stt), nb 


a{ui' ion^n ), nb 




1 
2 
3 


1249±|^ 
1428±|| 
1773±ig 


404±|? 
765±ii 
483±?i 


o.22±i;-^i? 

2.02±0:i 
2.43±8t? 


o.o5±°:°| 

2.50±g:i 


180° 
180° 
0°. 
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TABLE V. Fit results for the e'^e tt^tt tt and lotv^tt cross sections. The column 
number A'' corresponds to the different models for Ai^^r amplitude. Ng^'^^\ A^g^*^^-* and 
n!j^^'^^ is the number of fitted points of the processes e"'"e~ — > 7r^7r~7r'' and ujtt'^-k~ 
obtained in SND and DM2 experiments. The DM2 data was used in the fit as published 
in Ref.H. 



iV 

a{(f) — i- Stt), nb 
m^/, MeV 
r^., MeV 
a(uj' 3n), nb 
a{Lu' — > lutt'^tt"), nb 

m^//, MeV 
r^,,, MeV 
a{uj" Stt), nb 



a{Lo" 



nb 



X3tv(DM2)/^^3tv 

2 /Ar(OM2) 
At^7r7r(DM2)/""'r7r 



1 

647±4 
1506±|^ 
1322zh|of 
3.31±0.49 

o.o3±g:gi 

180° 
1798±|1 

1.72±0;« 

0° 
55.3/67 
40.2/18 
9.3/18 



646±4 
1465±i 
1037±fii 
3.44±g:|? 

o.o3±S!:gi 

180° 
1801±i 
580±n? 

i.27±Ei:i 
i.48±g:i 

0° 
52.4/67 
42.8/18 
9.8/18 



647±4 
1481±i 
1079±fgg 

3.56±;j: 

44 

o.o3±g:gl 

180° 
1793±|;^ 
560±llg 
1.54±g:| 
1.53±o;3i 

0° 
52.7/67 
39.5/18 
9.3/18 



TABLE VL Fit results for the e'^e tt^tv tt" and lotv^tv cross sections. The column 
number corresponds to the different models for Ai^^r amplitude. n!^^'^^\ A'^g^*^^'' and 
A'i^*^^' is the number of fitted points of the processes e"'"e~ -k^tt'tt" and ujtt'^-k~ 
obtained in SND and DM2 experiments. The DM2 data was increase by a factor 1.54. 



iV 

a{<l> — > 37r), nb 
m^/, MeV 
r^., MeV 
a{Lo' — > 37r), nb 
a(uj' Lun'^n^), 

m^//, MeV 
r^", MeV 
a(u" 37r), nb 



nb 



),nb 



2 Im(SND) 

2 ,j^(DM2) 
X3n(DM2)/^^3Tv 

2 /Ar(°'*^2) 

Atj7r7r(DM2)/^'"ir7r 



1 

646±4 
1513±|| 
1383±i^g 
3.45±0.50 

bo. 10 
0.03 

180° 
1784±if 
563±lf§ 
2.80±g:| 
2.35ito 44 

0° ' 

51.8/67 
22.1/18 
9.3/18 



646±4 
1472±|!] 

1095±?72 
3.57±g:|I 

o.o3±«:Ji 

180° 
1784±i? 
550±lg 

2.29±Q;4g 

2.34±Hf 

0° 
49.2/67 
22.7/18 
9.4/18 



646±4 
1491±|| 
1156±?i^ 
3.65±25*'^ 



180° 
1780±if 
544±1*6 

2.59±g:i 

2.40±E!:I! 

0° 
49.6/67 
22.1/18 

9.3 
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FIG. 3. The angle between the normal to the production plane and e+e beam direction 
for e^e~ — » it^it~it'' events. 
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FIG. 4. The 9 distribution of charged pions from the reaction e^e~ —> tt'^tt~tt'^. 
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FIG. 5. The 9 distribution of neutral pions from the reaction e+e — > tt+tt tt" 
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FIG. 6. The photon angular distribution. 
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FIG. 9. The detection efficiency ^{E^) dependence on the radiated photon energy E~f 
for e^e~ — > 7r"'"7r~7r°(7) events aty'i = 1200 MeV, obtained by simulation. 
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FIp, 10. Comparison of the e^e — > tt^tt tt" cross section obtained in previous SND 
worktj (dots) and in this one (stars). 
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FIG. l>nThe e+e" ^ 7r+7r~7r'' cross section at^s from 1030 to 2000 MeV. SND, ND0 
and DM2n results are shown. 
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FIG. 12. The tv^tt invariant mass spectrum at-^s fr'om 1200 to 1380 MeV. 
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FIG. 13. The tt^-k^ invariant mass spectrum at^s from 1200 to 1380 MeV. 
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FIG. 14. The e+e" ^ uj-k cross section. The SNdH, CLEO20 and DmB data 
are shown. The solid curve is the cross section energy dependence in the case when 
j4^7r = Ap^^T^ -t- -t- dashed curve is energy dependence in the case 
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FIG. 15. The e^e tt'^tt tt" cross section. SND and DM2tJ data are shown. Curves 
are the fits results. Dashed curve is the fit with DM2 data increase by a factor 1.54. 
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FIG. 16. The e"'"e~ — > uj-K'^n~ cross section. DM20 data are shown; curve is the fit 
result. 
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FIG. 17. The comparison of the relative phase i^{s) of the amplitudes ApTr and A^-^ 
measured in this work (dots) with theoretical dependences: solid curve is the phase ip{^) 
in the case A^,r ~ Ap^^T^ + Api^^^^ + Apu^^^, dashed curve is the phase in the case 

A^T^ Ap — VLJTr "4~ Ap'l — iijjT^ 



28 



